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The SWR spectra of an FeNi multilayer have been studied experimentally and theoretically. Non-propagating surface spin 
wave modes as well as standing volume modes could be observed. Values of the surface anisotropy, the spin wave stiffness 
constant and the effective magnetisation have been deduced from the spectra. The results obtained by SWR and torque 
measurements arediscussed. 
1. Introduction 
Spin wave resonance (SWR) is well established 
for investigations of magnetic parameters of sin- 
gle crystals and thin films, but has been used for 
magnetic multilayers only recently [1,2]. Surface 
and volume anisotropies and the spin wave stiff- 
ness constant of the samples are the most promi- 
nent parameters which can be studied by SWR. 
The surface anisotropy can lead to the appear- 
ance of surface spin wave modes in the SWR 
pattern. The excitation of such modes in thin 
magnetic films has been found in several experi- 
ments [3] and is explained by theoretical work [4]. 
The existence of surface modes in multilayered 
thin films has been shown recently in different 
SWR experiments [5,6]. 
2. Experiments 
The investigated magnetic multilayer was com- 
posed of alternating polycrystalline Fe and Ni 
layers with thicknesses of dve= 8 nm and dNi = 10 
rim. 11 Ni and 10 Fe films have been deposited 
onto quartz crystal substrates by electron beam 
evaporation at room temperature in such a way 
that bottom and top layers of the structure were 
Ni films. The total thickness of the sample was 
190 nm. The multilayers have been characterised 
by in situ resistivity measurements, X-ray diffrac- 
tion, and TEM analysis. 
The torque curves of the films were measured 
at room temperature and at different values of 
the external magnetic field between 500 and 1400 
kA/m.  The magnet was mounted on a 
computer-controlled rotation stage. The direction 
of the external magnetic field was changed in the 
plane perpendicular to the sample surface. All 
measured torque curves show a strong uniaxial 
in-plane anisotropy of the samples. Even at the 
strongest applied magnetic field the multilayers 
were not fully saturated. 
The SWR experiments have been carried out 
at 9.2 GHz. The spectrum of the parallel configu- 
ration (external magnetic field B parallel to the 
sample surface) consists of only one peak with 
non-symmetrical shape centred at a magnetic field 
of about 70 mT (fig. la). At intermediate field 
angles two well separated modes appear as shown 
in fig. lb. In the perpendicular configuration (B 
± film plane) a full standing spin wave resonance 
pattern appears at resonance field values of about 
2 T (fig. lc). 
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3. Results and discussion 
The measured spectra of the Fe/N i  multilayer 
studied in this work can be explained most satis- 
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Fig. 1. Experimental spin wave resonance spectra of an FeNi 
multilayer (dEe = 8 rim, dNi = 10 rim) for different angles ~o of 
the external magnetic field B. 
factorily on the assumption that spin waves ex- 
tend across the whole multilayer with an average 
magnetisation. The derivation of averaged mag- 
netic parameters of multilayered structures has 
been published elsewhere [1,7]. In the case of 
infinite strong magnetic coupling at the FeNi 
interfaces, the resonance frequencies of spin wave 
modes for the perpendicular configuration are 
given by 
(-O/~ef f = Bre s - /~0gef f  + Def fq2 /~ef fh ,  (1 )  
where to is the microwave frequency, Yeff the 
effective gyromagnetic ratio, Bre s the resonance 
field, Def the effective spin wave stiffness con- 
stant and q the wave number of the correspond- 
ing spin wave mode, which can be real or imagi- 
nary. The effective magnetisation Mef f is given by 
[1] 
Mef f = ( M2) / ( M)  - 2Ku/izo( M ). (2) 
The average of a value X is defined by (X)  = 
(dFeXFe  + dN iXNi )  / (dFe  + dNi)  , where XFe/N i
are the values of pure Fe and Ni and dFe/N i are 
the thicknesses of the individual layers. Mef f in- 
cludes in general a uniaxial anisotropy K u [1]. 
To solve the problem of spin wave excitations 
in an external magnetic field one has to apply 
boundary conditions for the high frequency com- 
ponents of the magnetisation at the top and bot- 
tom surfaces [3]. The assumption of equal surface 
anlsotropy K s at the two surfaces of the sample 
leads to 
tan(qL) =AeffqKs/(K 2 -A2effq2), (3a) 
tanh(qsL)=Aef fqsKs/ (K 2_ 2 2 Aeffq s ). (3b) 
The first equation is valid for the standing vol- 
ume spin wave modes and the second for the 
surface modes. Aee f is the exchange constant of 
the multilayer, which is related to Def by Def e = 
2Aef f / (M) .  
With the measured resonance field positions 
of the surface (fig. lc, n = 0) and volume (fig. lc, 
n = 1-6) modes and by using the eqs. (1) and (3), 
we get the values of the surface anisotropy K s = 
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-0 .29 x 10 -3 J /m 2, the stiffness constant Def = 
2.6 X 10 -40 J m 2 and the effective magnetisation 
Mef ¢ = 1.21 x 10 6 A/m of the multilayered struc- 
ture. The wave number qs of the surface mode is 
qs = 6.32 x 107 m- t  and the corresponding wave- 
length about 100 nm, so this mode is localised at 
the surfaces of the sample, but extends over sev- 
eral periods of the multilayer. 
The effective anisotropy field Han has been 
deduced from the torque curves by extrapolation 
of the first and second order Fourier coefficients 
to infinite field values. The measured value of the 
anisotropy field Han = 1.00 X 106 A /m is equal to 
the calculated value of (M) .  This result proves 
that there exists no additional perpendicular 
anisotropy (K  u) in this multilayer and //an is 
only due to shape anisotropy. 
The measured value of Mef f is about 12% 
smaller compared to the value of (M2) / (M)  
calculated with the well-known magnetic parame- 
ters of Fe and Ni. From the torque experiments 
(Ku) was found to be zero, so the smaller value 
of Mef f can be only due to incomplete coupling at 
the FeNi interfaces. This result is supported by 
the value of the measured effective stiffness con- 
stant Deff, which is about 40% smaller than the 
calculated one. 
In order to get further proof of our interpreta- 
tion of the surface mode we investigated the 
variation of the surface mode spectrum as a func- 
tion of the angle q between B and the plane of 
the film. The non-symmetrical shape of the reso- 
nance mode observed at ~p = 0 (fig. la) can be 
explained by the superposition of the nearly uni- 
form resonance on the first volume spin wave 
mode, the two being very close in the parallel 
configuration. Due to the incomplete magnetic 
coupling at the FeNi interfaces the values of "the 
resonance field position deviates from the value 
calculated by eqs. (1, 2), but Mef f obtained from 
this field orientation is in agreement with the 
value which has been deduced at q~ = 90 °. 
By changing ~ from zero to 90 ° the asymmet- 
ric mode splits to two well-separated modes (fig. 
lb). The peak with the larger magnetic field value 
is attributed to the nearly uniform mode and the 
one with the lower value to the first spin wave 
mode. Further increase of the angle q~ leads to 
the transformation of the low field mode to the 
standing spin wave pattern. The high field mode 
transforms to the surface mode. 
The angular dependence of the position of the 
spin wave modes has already been treated for the 
case of thin films [8-10]. It was shown that there 
exist critical angles @crit of the external magnetic 
field where the uniform mode transforms to the 
surface mode and the standing spin waves ap- 
pear. From our experiments we obtained a value 
of qgcrit : 86 °, which is in good agreement with the 
calculated result. 
4. Conclusion 
In an Fe /N i  multilayered structure we were 
able to observe non-propagating surface modes as 
well as standing volume spin wave modes. The 
surface mode is attributed to the presence of 
surface anisotropy at the surfaces of the struc- 
ture. As the magnetic field changes from the 
parallel to the perpendicular configuration the 
transformation of the unpinned volume modes to 
the surface mode and the standing spin wave 
pattern could be observed. Comparison of the 
results obtained by SWR and torque measure- 
ments proves that there is no perpendicular 
anisotropy and incomplete interface coupling in 
the investigated FeNi multilayer. 
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